In the bullfrog Rana catesbeiana , testicular weight is constant throughout the year, but the volume densities of germinative and interstitial compartments undergo inverse changes from winter (non-breeding) to summer (breeding). The occurrence of apoptosis in the seminiferous lobules of bullfrogs was investigated in these two periods using sections stained with haematoxylin and eosin (H&E), the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling) method and transmission electron microscopy. TUNEL-positive cells were observed in the seminiferous lobules, and ultrastructural morphological details confirmed the occurrence of cell death by apoptosis. In summer, the occurrence of several spermatogenic processes (in addition to spermiogenesis and spermiation), and then the overconsumption of Sertoli cell-derived pro-survival factors, could be responsible for the increased density of apoptotic cells. Alternatively, the low apoptotic frequency in winter could be related to the constant homeostasis in the germinative compartment given that most lobules are filled with primary spermatocytes. As volume densities of interstitial and germinative compartments undergo inverse seasonal variations through the year, the incidence of apoptosis (in summer) could play a part in controlling the spermatogenic process, maintaining the lobular size when interstitial tissue is maximally developed. In winter, the low apoptotic cell density leads to spermatogenic recrudescence and, thereby, the production of an adequate quantity of spermatozoa for the next breeding period. Thus, apoptosis may participate not only in the maintenance of spermatogenic homeostasis, but also in the cyclical control of the different spermatogenic processes according to seasonal changes of the testicular compartments as a whole.
Introduction
Apoptosis is a physiological process of cell death that occurs during proliferation and differentiation of tissues (Raff, 1998; Cohen, 1999; Lockshin & Zakeri, 2004) . In the testis, apoptosis appears to limit the germ cell population and inhibit maturation of aberrant germ cells (Yin et al. 1998) . The absence of essential factors for spermatogenic cycle progression, such as hormones, growth factors or cytokines, leads to apoptosis of their target cells (Tapainainen et al. 1993; BlancoRodríguez, 1998) . Moreover, overproliferation of germ cells is avoided by a rapid elimination of surplus germ cells by apoptosis to adjust numbers to the supportive capacity of Sertoli cells (Blanco-Rodríguez, 1998; Lee et al. 1999) . Thus, apoptosis is related to the equilibrium between the number of germ cells and the supporting capacity of Sertoli cells, maintaining testicular homeostasis (Lee et al. 1999 ).
In seasonal breeder vertebrates, spermatogenesis and steroidogenesis undergo transitions from recrudescence to quiescence according to environmental factors that characterize breeding and non-breeding periods (Lofts, 1974; Blottner et al. 1995; Sasso-Cerri et al. 2004) . During breeding periods, the stimulatory environmental factors induce secretion of gonadotropins . By contrast, non-stimulatory environmental factors decrease gonadotropin secretion and reduce steroidogenesis and spermatogenesis during non-breeding periods (Sinha Hikim & Swerdloff, 1999) . The transition from the breeding to the non-breeding state leads to significant testicular atrophy, which has been associated with increased incidence of cell death by apoptosis (Furuta et al. 1994; Blottner et al. 1996; Strbenc et al. 2003) . Taking into account the fact that interrupted proliferation and stimulated apoptosis promote testis involution, it has been suggested that cell proliferation and apoptosis perform an inverse role during the annual cycle in mammalian seasonal breeders (Blottner et al. 1996) .
In poikilothermic vertebrates (urodeles) living in temperate zones, spermatogenesis is halted during winter because secondary spermatogonia die by apoptosis (Yazawa et al. 1999) . By contrast, species of amphibians living in tropical zones, such as Rana catesbeiana , present a continuous testicular cycle in which the production of spermatogonia and spermatocytes are constant and spermatozoa are found in the seminiferous lobules throughout the year (van Oordt, 1960; Lofts, 1974; Sasso-Cerri et al. 2004 ). The seasonal spermatogenic cycle of R. catesbeiana has been characterized into three distinct phases: (1) a slow initial spermatogenic phase in which the lobules reach maximal diameters and are filled with cysts of primary spermatocytes, in autumn/winter (non-breeding period); (2) an active phase, characterized by meiosis completion, spermiogenesis and early spermiation in spring (breeding period); and (3) a phase in the final breeding period (summer), in which the lobules show minimal diameters and active spermiogenesis/spermiation together with early spermatogenesis (mitosis/meiosis) in the post-spermiation lobules. The interstitial tissue also undergoes seasonal morphometric changes. Thus, in winter the interstitial tissue is scarce when the lobules are maximally developed, whereas in spring and especially in summer, the volume density of the interstitial tissue increases significantly and the interstitial cells are strongly testosteroneimmunopositive (Sasso-Cerri et al. 2005) . Therefore, considering that the gonadosomatic index (testicular weight per 100 g body weight) remains constant during the reproductive cycle of R. catesbeiana (Licht et al. 1983; Sasso-Cerri et al. 2004) , it has been suggested that the compensatory effect of the interstitial tissue when the seminiferous lobules are in regression could explain the maintenance of testicular weight through the year ).
Various studies have demonstrated the role of temperature and endocrine factors on germ cell apoptosis in fish (Prisco et al. 2003) and urodeles (Yazawa et al. 1999 (Yazawa et al. , 2000 (Yazawa et al. , 2003 Ricote et al. 2002) . However, the role of apoptosis on the seasonal spermatogenesis of anurans has not been sufficiently emphasized. Because in R. catesbeiana the seminiferous lobules undergo significant morphofunctional variations from winter (non-breeding) to summer (breeding), the frequency of apoptotic cells (TUNEL-positive cells) in the germinative compartment was investigated in these two periods. 
Materials and methods

Animals
Transmission electron microscopy
The same animals used for light microscopy (historesin) The testicular sections stained with H&E and labelled by TUNEL were examined and photographed under an
Olympus BX-50 microscope.
Density of apoptotic cells
The 
Statistical analysis
Data were statistically analysed using the software Jandel SigmaStat 2.0. A one-way ANOVA followed by the Mann-Whitney test was used to compare differences between groups. Significance was accepted at a confidence level of P ≤ 0.05.
Results
H&E and TUNEL method
In the testicular sections of frogs collected during winter, most of the seminiferous lobules showed numerous cysts of primary spermatocytes. However, spermatogonia, round and elongated spermatids were also observed. A thin layer of interstitial cells was observed around the seminiferous lobules (Fig. 1A) . In summer, the seminiferous lobules showed cysts containing different cells of the germinal lineage. Several lobules in spermiation were releasing late spermatids into the excretory ducts. These lobules showed cysts of spermatogonia and some primordial germ cells (Fig. 1B) .
In winter, cell nuclei showing clumps of condensed chromatin were occasionally found. By contrast, these cells were frequently observed in the summer group frogs (Fig. 1C,D) ; sometimes their nuclei seemed to be within vacuoles in close contact with Sertoli cells (Fig. 1C) .
The testicular sections subjected to the TUNEL method showed cells stained golden brown, i.e.
TUNEL-positive cells, in the seminiferous lobules of frogs from both groups ( Fig. 2A,B ). In the summer group, a high frequency of TUNEL-positive cells was observed and, in some lobules, several of them were found in the same germ cyst (Fig. 2B) . In both groups, stained cells were found next to Sertoli cell nuclei (Fig. 2C,D) . Accurately identifying most stained cells was difficult owing to their decreased nuclear volume, damaged nuclear morphology and inexact location in relation to the TUNEL-negative germ cysts ( Fig. 2A-D) .
The mammary gland sections used for positive controls in the TUNEL method showed numerous cells stained golden brown; the frog testicular sections incubated in the absence of TdT enzyme were negative (data not shown). 
Transmission electron microscopy
In the germ cysts of frogs from both groups, occasional germ cells showed abnormal ultrastructural aspects (Fig. 3A-C) . The germ cells with peripheral electrondense chromatin showed a ring-shaped nucleus (Fig. 3A) ; in others, the condensed chromatin was sparsely distributed in the nuclear periphery (Fig. 3B ).
Some nuclei, with clumps of condensed chromatin and granular material, had a complex and heterogeneous appearance; these nuclei seemed to be fragmented.
Frequently, portions of electron-dense material similar to chromatin were observed in the germ cell cytoplasm (Fig. 3B,C) . In general, these altered germ cells were in close proximity to the Sertoli cell nucleus, and appeared to be inside the Sertoli cell cytoplasm (Fig. 3B,C) . Membranous structures containing chromatin-like material -typical of apoptotic bodieswere surrounded by cytoplasmic processes of Sertoli cells (Fig. 3D ).
Density of apoptotic cells
All animals in the summer group showed a statistically significant ( P ≤ 0.001) increase in the number of TUNELpositive cells per mm 2 seminiferous lobules, in comparison with the animals in the winter group (Table 1) ).
Discussion
Our results showed that the germ cells of R. catesbeiana undergo cell death by apoptosis during the seasonal spermatogenic cycle. Cell death by apoptosis includes the participation of proteases (caspases) that induce fragmentation of DNA strands and exposure of terminal 3 ′ -OH. Among the nuclear morphological changes, chromatin condensation and nuclear fragmentation have been described in different cellular types during apoptosis (Wyllie et al. 1980; Raff, 1998; Lockshin & Zakeri, 2004) . In the present study, the germ cell nuclei of bullfrogs showed typical morphological and ultrastructural aspects of apoptosis (Wyllie et al. 1980; Lockshin & Zakeri, 2004) 2002; Stumpp et al. 2004 ) and in tissues of anurans (Barni et al. 2002; Accordi & Chimenti, 2003) . In contrast to necrosis, apoptosis is a physiological process in which the apoptotic bodies are immediately recognized by neighbouring cells and phagocytosed, avoiding the inflammatory process (Raff, 1998; Lockshin & Zakeri, 2004) . During spermatogenesis, germ cells undergo The role of temperature (Yazawa et al. 1999 (Yazawa et al. , 2003 Ricote et al. 2002) and photoperiod (Furuta et al. 1994; Blottner et al. 1995 Blottner et al. , 1999 Young et al. 1999 ) in the control of apoptosis during seasonal spermatogenesis of vertebrates has been discussed. In the present study, an increased incidence of apoptosis was observed in the testes of frogs collected in summer, a final breeding period characterized by long photoperiods and high temperature. In the testes of avian seasonal breeders, apoptosis increases significantly after chronic photostimulation . It is possible that the prolonged photoperiod in summer, by means of activation of endocrine factors, is responsible for the increase in cell death. Some authors have suggested that temperature has no influence on apoptosis in urodeles (newts), as increased incidence of cell death was observed both in winter and in summer (Ricote et al. 2002) . However, in newts, winter corresponds to a quiescent period (low germ cell proliferation and absence of meiosis), probably owing to the lower temperatures than in tropical zones. In these species, low temperature induces secondary spermatogonia cell death and spermatocytes are not found in winter (Yazawa et al. 1999) . It has been suggested that the arrest in spermatogenesis in winter seems to prevent the production of abnormal spermatozoa, being favourable to the survival of these species (Yazawa et al. 2003) . In R. catesbeiana (living in tropical zones), the winter period is characterized by the production of numerous primary spermatocytes to guarantee a satisfactory number of spermatozoa for the next breeding season (spring). Thus, the difference in the incidence of apoptosis between these two species in winter may be due to the different temperatures of the geographical zones in which these species live.
Blottner et al. (1999) suggested that the regulation of seasonal testicular activity is characterized by coordinated shifts in the relationship between mitosis, meiosis, apoptosis and testosterone production. In the present study, a low incidence of apoptosis in winter is is supported by the fact that a low apoptotic frequency was observed in winter, when the seminiferous lobules seem to be in a constant homeostasis, given that most of the germ cysts are, synchronously, at the same stage of spermatogenesis (Meiosis I). Moreover, the variation in apoptotic cell density among the animals of the winter group was minimal ( ± 4.7 cells mm Bergmann, 1987) . Thus, in addition to spermiogenesis and spermiation, the significant reduction of lobular diameters in frogs in the summer group may also be due to the increase in apoptosis in the germ cysts.
Studies into germ cell death in seasonal breeders have correlated the incidence of apoptosis with testicular regression (Furuta et al. 1994; Blottner et al. 1996; Strbenc et al. 2003) . 
